Circadian rhythms, which are endogenous ϳ24-h activity cycles seen in most likely all organisms from cyanobacteria to humans, are characterized by three salient criteria: (i) they persist under constant conditions; (ii) the phases are reset by external stimuli, especially day/night light cycles; and (iii) they show temperature compensation (i.e., the period length is relatively constant at different ambient temperatures) (8) . The rhythms are generated by a circadian clock that consists of molecular machinery residing in individual cells (11, 17) . DNA microarray analyses reveal that the circadian clock regulates the timing of gene expression in diverse cellular processes (16, 37) . Thus, the circadian clock seems to be a fundamental cellular component that coordinates the temporal program of cellular events by regulating gene expression.
The chloroplast, which evolved from an endosymbiotic cyanobacterium (3), has its own genetic system that is similar to that of prokaryotes (1) . Circadian regulation of gene expression is observed not only in the nuclear genome but also in the chloroplast genome. It was first described for the unicellular green alga Chlamydomonas reinhardtii. Endogenous fluctuations in chloroplast tufA, atpA, and atpB mRNA levels were observed on the first day under constant conditions (24, 39) . Hwang and coworkers carried out a conclusive demonstration that tufA mRNA level oscillated robustly for 2 to 3 days under constant conditions (18) . Thereafter, circadian regulation of the chloroplast psbD light-responsive promoter was found in a higher plant (31) .
Several studies suggest the regulation mechanisms for chloroplast gene expression rhythm by factors encoded in the nuclear genome. The mRNA level of nucleus-encoded chloroplast factor oscillates in a circadian manner in several photosynthetic species (10, 19, 30) . In Chlamydomonas, the mRNA levels of a large number of nucleus-encoded chloroplast ribosomal proteins are under circadian control (23) , and cytoplasmic protein synthesis is required for transcription of several chloroplast genes during circadian peaks (22) . However, it is unclear to what extent the nucleus contributes to circadian rhythmicity of the chloroplast in these species. On the other hand, it has been known that in the green macroalga Acetabularia, the chloroplast photosynthetic rhythm persists even in an enucleated cell (46) , and the nucleus contributes only to phase determination of the rhythm (41) .
To facilitate study of chloroplast gene expression rhythms, here we developed a real-time monitoring system for chloroplast gene expression in Chlamydomonas. Although a bacterial luciferase gene for the Chlamydomonas chloroplast has been developed (a fusion gene of luxA and luxB [25] ), we focused on the firefly luciferase gene because (i) it is shorter in nucleotide length than the luxAB fusion gene and (ii) it has been successfully used for circadian rhythm analysis in a wide range of organisms (2, 4, 29, 40, 48, 50) . We synthesized a codonoptimized firefly luciferase gene for the chloroplast of C. reinhardtii (lucCP) and succeeded in real-time monitoring of chloroplast gene expression rhythms. Using this luminescence reporting system, we provide direct evidence that the circadian period of chloroplast gene expression rhythms is determined by the nucleus-encoded circadian oscillator.
MATERIALS AND METHODS
Plasmid construction. De novo synthesis of the coding region of the lucCP gene was carried out according to the method of Stemmer et al. (42) . A NdeI site was attached at the initiation codon and an XbaI site was attached just downstream of the stop codon. The resulting product was cloned into pCR2.1-TOPO (Invitrogen) to generate the plasmid pCR2.1-TOPO/lucCP.
The 5Ј-flanking regions of psbD (nucleotides 175630 to 176055; GenBank/ DDBJ/EMBL accession no. BK000554) and tufA (11951 to 12783; BK000554) were amplified from genomic DNA by PCR with the primer sets psbD-F1 (5Ј-TATGAAATTAAATGGATATT-3Ј)/psbD-R1 (5Ј-CATATGGTGTATCT CCAAAA-3Ј) (underlining denotes the restriction site created for subsequent cloning) and psbK-F1 (5Ј-TTGTTTGGCAAGCAGCTGTTAGTTTCCGTT-3Ј)/tufA-R1 (5Ј-TTTACCGTGGTCAACGTGACCAATAGTACC-3Ј), respectively. The 3Ј-terminator region of atpB (159952 to 160185; BK000554) was amplified with the primer set atpB-F1M (5Ј-GCTTCTAGAAAAGCTGCTTCA TTAAAATAA-3Ј)/atpB-R1M (5Ј-TCCCGGGACGTTTCCTTTAGTTTTTTG CTG-3Ј). These three fragments were cloned into pT7Blue-T (Novagen) to obtain pT7BT/P psbD , pT7BT/P tufA , and pT7BT/T atpB .
The 0.46-kb SmaI-XbaI fragment of pT7BT/P psbD was subcloned into the HincII/XbaI-digested pT7BT/T atpB , generating pT7BT/P psbD ::T atpB . The 0.75-kb HindIII-EcoRI fragment of pT7BT/P psbD ::T atpB was subcloned into the HindIII/ EcoRI-digested pHSG398 vector (Takara, Kusatsu, Japan), generating pHSG/P psbD ::T atpB . The 1.66-kb NdeI-XbaI fragment of pCR2.1-TOPO/lucCP was ligated to NdeI/XbaI-digested pHSG/P psbD ::T atpB , generating pHSG/ P psbD ::lucCP::T atpB . Similarly, the 0.87-kb SmaI-XbaI fragment of pT7BT/P tufA was subcloned into pT7BT/T atpB to obtain pT7BT/P tufA ::T atpB , and then the 1.2-kb HindIII-EcoRI fragment of pT7BT/P tufA ::T atpB was subcloned into the pHSG398, generating pHSG/P tufA ::T atpB . The 1.66-kb NdeI-XbaI fragment of pCR2.1-TOPO/lucCP was inserted into NdeI/XbaI-digested pHSG/P tufA ::T atpB , generating pHSG/P tufA ::lucCP::T atpB .
We constructed reporter vectors pCL208 and pCL218 as follows. A polylinker (top strand, 5Ј-CCCGGGATCCACTAGTCGACGCATGCAGATCTAGGCC TGCA-3Ј; bottom strand, 5Ј-GGCCTAGATCTGCATGCGTCGACTAGTGG ATCCCGGGTGCA-3Ј) was inserted into the unique PstI site (nucleotide 79351; accession no. BK000554) of pBB21 (J. Minagawa, unpublished data), which contains the 6.3-kb StuI fragment of chloroplast genome (75838 to 82122; BK000554) in the opposite direction to the psbT gene, generating pCTS2. An aadA expression cassette that consists of the psbA 5Ј-flanking region, the aadA coding sequence, and the atpB 3Ј-terminator region (K. Onai and M. Ishiura, unpublished data) was inserted into the polylinker region (SpeI/SmaI) in the same direction as the psbT gene, generating pCTS2A. Another aadA cassette derived from pBD110 (45) , containing the aadA cassette of pUC-atpX-AAD (13), was inserted into the polylinker region (SalI/SmaI) in the same direction as the psbT gene, generating pCTS2B. The 2.3-kb BamHI fragment of pHSG/P psbD ::lucCP::T atpB was inserted into the BglII site of the polylinker region of pCTS2A and pCTS2B in the opposite direction to the aadA cassette, generating pCL208 and pCL218, respectively.
We constructed reporter vector pCL302 as follows. The 5.8-kb HindIII-SacI fragment of pBD101 (J. Minagawa, unpublished data), containing the HindIIIPstI fragment of the chloroplast genome (nucleotides 172207 to 178021; accession no. BK000554), was subcloned into the HindIII/SacI-digested pUC118 vector, and then the BglII linker was inserted into the NdeI site (176052; BK000554) to obtain pCTS3. The 2.7-kb BamHI fragment of pHSG/P tufA ::lucCP::T atpB was inserted into the BglII site in the same direction as the psbD gene, generating pCL302.
Strains and chloroplast transformation. We used the following C. reinhardtii strains in this study: wild-type 2137 mt ϩ (CC-1021) and 137c mt ϩ (CC-125), the nonphotosynthetic mutant ⌬D2-2 (a psbD deletion strain on the 2137 mt from white fluorescence lamps). Chloroplast transformation with a particle gun was performed as described previously (27) . For transformation with pCL208 or pCL218, we selected transformants for resistance to spectinomycin (100 g/ml).
For transformation with pCL302, we used the ⌬D2-2 strain as the recipient and selected transformants for restored photosynthetic growth on HSM. Automated continuous culture of C. reinhardtii. Cells were grown in TAP medium with aeration at 24°C under LL (30 mol m Ϫ2 s Ϫ1 ) until the optical density at 750 nm reached 0.35 (1.7 ϫ 10 6 cells/ml), and then luciferin potassium salt (Biosynth, Staad, Switzerland) was added to a final concentration of 100 M.
To maintain a constant cell density, we developed a computer-controlled system that continuously monitored the optical density of cultures with an optical sensor (E3SA-DS50C43A; Omron, Kyoto, Japan) and automatically diluted the cul- tures with fresh medium containing luciferin to the preset concentration (K. Okamoto and M. Ishiura, unpublished data). Using this system, we maintained the optical density at 750 nm of cultures at 0.33 to 0.35 throughout the experimental period. Cultures were automatically sampled every hour with a peristaltic pump, and bioluminescence of the samples was measured with a photomultiplier tube detector (H7360-01; Hamamatu Photonics, Hamamatu, Japan). Southern and Northern blot analyses. For Southern blot analysis, total genomic DNA samples were digested with restriction endonucleases, electrophoresed, and then blotted onto a nylon membrane (GeneScreen Plus; NEN). Using a random primer labeling kit (Prime-It II; Stratagene), we generated 32 P-radiolabeled probes from a DNA fragment of an intergenic region between psbT and psbN (nucleotides 78658 to 79007; BK000554) for pCL208 transformants and from that of the 5Ј region of ORF2971 (177559 to 178017; BK000554) for pCL302 transformants.
For Northern blot analysis, total RNA was extracted with TRIzol reagent (Invitrogen). Cell pellets were lysed in TRIzol by vortexing for 1 min. After phenol-chloroform extraction and ethanol precipitation, 10-g samples of total RNA were electrophoresed in a denaturing agarose gel and blotted onto a nylon membrane (Biodyne A; Pall). We generated 32 P-radiolabeled probes from DNA fragments of psbD (nucleotides 174701 to 175486; BK000554) and lucCP (160 to 1657; AB190814) as described above. The radioactivity of each hybridization signal was quantified with the BAS2000 system (Fujifilm, Tokyo, Japan).
In vitro luciferase assay. Cell pellets were lysed in Glo lysis buffer (Promega) by pipetting and vortexing for 5 min. Insoluble debris was pelleted by centrifugation, and supernatant samples (25 ng total protein) were subjected to the Steady-Glo luciferase assay system (Promega). Luminescence was measured with automated bioluminescence-monitoring apparatuses (33, 35) .
Bioluminescence monitoring using 96-well microtiter plates. Cells were grown under LL (10 mol m Ϫ2 s Ϫ1 ) at 24°C for 5 days on TAP plates or for 2 to 3 weeks on HSM plates. Agar blocks with C. reinhardtii colonies were punched out from the plates with a glass tube (6-mm inner diameter; 10 to 20 colonies on the block), and one block was transferred into each well in 96-well microtiter plates. Luciferin was added to the wells at a final concentration of 200 M. Before bioluminescence monitoring, the circadian clocks of the cells were synchronized by exposure to a 12-hour light (30 mol m Ϫ2 s Ϫ1 )/12-hour dark (LD)
cycle. Bioluminescence was monitored under the LD cycle, LL (30 mol m Ϫ2 s Ϫ1 ), and constant darkness (DD) with our bioluminescence-monitoring apparatuses (33, 35) . Bioluminescence was measured for 5 seconds every hour in darkness. For light phase measurements, cells were first subjected to darkness for 210 seconds at each time point to decrease the delayed light emission of chlorophyll. Period lengths and phases of bioluminescence rhythms were estimated by the cosinor method or the visual inspection-peak method using the RAP program (34). 
RESULTS
Construction of a chloroplast luciferase gene and reporter strains. Since codon usage in the C. reinhardtii chloroplast is highly biased toward preferred codons (32), we synthesized a codon-optimized firefly luciferase gene for the C. reinhardtii chloroplast (lucCP). The amino acid sequence for lucCP is identical to that for the luc ϩ gene (Promega), but all codons are the most frequently used codons in the C. reinhardtii chloroplast (32) (Fig. 1) . To express lucCP in the chloroplast, we generated two reporter strains by transformation of the chloroplast genome. The psbD-lucCP strain, a transformant of the wild-type 2137 mt ϩ strain with the reporter vector pCL208, has a lucCP expression cassette that consists of the promoter and 5Ј untranslated region (5Ј-UTR) of psbD, the lucCP coding region, and the 3Ј-UTR of atpB. The cassette was located between the psbN and psbT genes in the chloroplast genome (Fig. 2A) . The tufA-lucCP strain, a transformant of the ⌬D2-2 strain with pCL302, has a lucCP cassette that consists of the promoter and 5Ј-UTR of tufA, the lucCP coding region, and the 3Ј-UTR of atpB, located between the ORF2971 and psbD genes (Fig. 2B) . Southern blot analysis of these strains detected fragments of the expected sizes (Fig. 2C) . No fragments of the wild-type or ⌬D2-2 size were detected in the lanes of reporter strains. In the absence of luciferin, no significant luminescence was detected in the psbD-lucCP, tufA-lucCP, and wild-type strains (Fig. 2D) . Once luciferin was added to the medium, we observed a dramatic increase in luminescence only in the reporter strains (Fig. 2D ). These results demonstrate that the psbD-lucCP and tufA-lucCP strains were homoplasmic for the correctly integrated lucCP expression cassette and that a functional luciferase protein was being expressed.
Circadian rhythms in lucCP gene expression and bioluminescence. We examined circadian fluctuation in both lucCP gene expression and bioluminescence under LL. Using a continuous culture of the psbD-lucCP strain, we measured the levels of psbD transcript, lucCP transcript, luciferase activity, and bioluminescence in identical cultures. The level of native psbD gene transcript oscillated in a circadian manner (Fig. 3A  and B) . The level of the ϳ1.8-kb lucCP transcript also exhibited a circadian oscillation (Fig. 3A and C ). To assess the intracellular level of the lucCP gene product, we extracted total protein from the cells and measured luciferase activity in vitro. The activity exhibited a circadian oscillation, but the phase was delayed with respect to that of the lucCP transcript by 8 to 12 h (Fig. 3C and D) . This implies the existence of a regulation mechanism at the posttranscriptional level. In vivo bioluminescence oscillated in a circadian manner that correlated well with the luciferase activity determined by in vitro assay ( Fig. 3D and  E ). These results demonstrate that the psbD-lucCP strain exhibited an endogenous oscillation of bioluminescence that correlated well with the circadian fluctuation of the intracellular level of lucCP gene product.
Real-time monitoring of bioluminescence rhythms in a 96-well plate format.
To analyze a large number of samples in a single assay, we examined whether the bioluminescence rhythm assay was adaptable to a 96-well plate format. Colonies of the psbD-lucCP strain grown on TAP or HSM agar plates were transferred into each well of 96-well microtiter plates, and the bioluminescence was monitored. The colonies exhibited a robust diurnal bioluminescence rhythm under LD (high during the light phase and low during the dark phase) on both media (Fig. 4A) . Under LL condition, they exhibited clear bioluminescence oscillations that peaked around the middle of the subjective day, with period lengths of 24.0 Ϯ 0.9 h (mean Ϯ standard deviation; n ϭ 129) on TAP agar (Fig. 4B, top) , and 24.8 Ϯ 0.6 h (n ϭ 44) on HSM agar (Fig. 4B, bottom) . The rhythm on TAP agar was similar in phase and amplitude to the bioluminescence rhythms observed under continuous culture (Fig. 3E) . Under DD condition on TAP agar, bioluminescence was relatively low, but the strain exhibited bioluminescence rhythms with a period length of 23.5 Ϯ 0.3 h (n ϭ 34) (Fig. 4C, top) . On HSM agar under DD, the strain exhibited high-amplitude bioluminescence rhythms with sharp peaks at the transition of subjective night to subjective day, with a period of 24.1 Ϯ 0.2 h (n ϭ 33) (Fig. 4C, bottom) . Interestingly, the phase and amplitude of the rhythm under this condition were distinctly different from those under LL and under DD on TAP ( Fig. 4B and C top) , suggesting a different circadian regulation of chloroplast gene expression.
The tufA-lucCP strain also exhibited bioluminescence rhythms under LL conditions, with periods of 24.2 Ϯ 0.4 h (n ϭ 21) on TAP agar and 24.7 Ϯ 0.7 h (n ϭ 55) on HSM agar (Fig. 4D ). These results demonstrate that the bioluminescence rhythm assay of these reporter strains could be adapted to a 96-well plate format under various culture conditions. Phase resetting and temperature compensation of bioluminescence rhythms. We examined whether the bioluminescence rhythms of the Chlamydomonas chloroplast satisfied the fundamental criteria for circadian rhythms (i.e., persistence under constant conditions, phase resetting by external stimuli, and temperature compensation). Persistence under constant conditions was confirmed as described above (Fig. 3E, 4B, 4C , and 4D). To evaluate phase resetting by light/dark cues, we exposed colonies of the psbD-lucCP strain to LD or a 12-hour dark/12-hour light cycle (DL) and monitored bioluminescence under LL. The bioluminescence from both cultures oscillated with opposite phases that depended upon the prior light/dark phase (Fig. 5A) . Furthermore, we examined whether a brief light pulse can shift the phase of the bioluminescence rhythm. Light pulses given at the early subjective night (3 or 4.5 h after light off) delayed the phases of bioluminescence rhythms (by 1.3 or 1.1 h) (Fig. 5B) , and light pulses given at the late subjective night (7.5 or 9 h after light off) advanced them (by 1.0 or 2.3 h) (Fig. 5B) . These results indicate that the phase of bioluminescence rhythm can be reset by light/dark cues. Next, to evaluate temperature compensation, we measured the period lengths of bioluminescence rhythms at 14°C (n ϭ 41), 19°C (n ϭ 34), and 24°C (n ϭ 129). The period lengths were 22.4 Ϯ 0.4 h, 23.1 Ϯ 0.8 h, and 24.0 Ϯ 0.9 h, respectively (Fig.  5C ). The Q 10 value for rhythm frequency (1/period) was 0.93, indicating that these rhythms were temperature compensated. Thus, these results suggest that the oscillation of chloroplast gene expression is a bona fide circadian rhythm. In addition, the fact that the Q 10 value was less than 1 means that the rhythm runs slightly faster at lower temperatures, as do other rhythms observed in this alga (e.g., phototaxis, stickiness to glass, cell division cycle, and nuclear gene expression) (6, 15, 21, 43) .
Chloroplast gene expression rhythms in per mutants. The per-1 and per-4 mutants of Chlamydomonas exhibit a lengthened period (27 to 28 h) in phototactic circadian rhythm, and each of them has a long-period gene in its nuclear genome but at different loci (7). We examined whether per mutations affect chloroplast gene expression rhythms by transforming the per-1 and per-4 mutants with the reporter vector pCL218. The per-1 mutant exhibited bioluminescence rhythms with significantly longer periods than the wild-type 137c strain (per-1, 28. (Fig. 6A and B) . The per-4 mutant also exhibited bioluminescence rhythms with longer periods (28.1 Ϯ 0.7 h; n ϭ 20 [P Ͻ 0.001]) ( Fig. 6A and B ). These results demonstrate that the period length of bioluminescence rhythms depended upon the genotype of the nucleus, thus suggesting that the circadian rhythmicity of chloroplast gene expression rhythm is under the control of the nucleus-encoded circadian oscillator.
DISCUSSION
We developed reporter strains of C. reinhardtii for real-time monitoring of circadian gene expression in the chloroplast. We VOL. 26, 2006 REAL-TIME MONITORING OF CHLOROPLAST GENE EXPRESSION 867 demonstrated that the bioluminescence rhythm of the reporter strain correlated well with the circadian expression pattern of the chloroplast lucCP gene and satisfied the three criteria for circadian rhythms. This is the first demonstration that the period length of the chloroplast gene expression rhythm is temperature compensated. Furthermore, we demonstrated that the period length of the bioluminescence rhythm depended upon the genotype of the nucleus. We thus provide direct evidence that the circadian period of chloroplast gene expression rhythm is determined by the nucleus-encoded circadian oscillator. Our results emphasize the necessity of mediators linking the nuclear clock with the chloroplast gene expression system. However, we cannot exclude the possibility of the existence of a chloroplast-specific clock. If such a clock exists, it should be a "slave oscillator," that is, under the control of the nuclear "master oscillator," at least under our experimental conditions. The intracellular desynchronization of circadian oscillators has been demonstrated for the dinoflagellate Gonyaulux (38, 49) . It will be of interest to examine whether the chloroplast bioluminescence rhythm and other rhythms observed in Chlamydomonas (e.g., phototaxis, cell division cycle, stickiness to glass, and chemotaxis) (5, 9, 15, 43) can be desynchronized under specific conditions. Surprisingly, the psbD-lucCP reporter strain exhibited a robust bioluminescence rhythm with sharp peaks and very low baseline even under DD on HSM agar (Fig. 4C, bottom) . Under this condition, there are no available external energy sources, and thus cells must use their starch in stock to maintain their cellular functions. At present, we cannot exclude the possibility that the rhythm does not reflect lucCP gene expression level, because we have not examined the LucCP protein level under this condition. However, if the rhythm reflects the gene expression, a possible explanation for the bioluminescence pattern is that in order to minimize cellular energy consumption for cell survival under this condition, the cell may limit chloroplast gene expression to the most efficient time zone for preparation of the photosynthetic apparatus (i.e., immediately before dawn).
For C. reinhardtii, a wide range of molecular genetic approaches, including gene tagging by insertional mutagenesis and complementation cloning by using an indexed genomic library, are now available (47, 51) . Our bioluminescence reporter strains will enable the same forward genetic approach to the clock components of the alga as was used for Arabidopsis (26, 36) and cyanobacteria (20) . Until now, the molecular mechanisms of the circadian oscillators have been studied with Drosophila, mice, Neurospora, cyanobacteria, and Arabidopsis. Although oscillator mechanisms are conserved through evolution, actual clock components do not seem to be (11, 17) . Database searches of the draft sequence of the entire C. reinhardtii genome did not identify any genes homologous to the key components of the circadian oscillator in other species (e.g., period, timeless, frequency, and kaiC) (28) . Thus, C. reinhardtii seems to have its own clock components. Understanding the algal circadian oscillator will provide new insights into the evolution of the circadian clock.
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